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,3&&OHGLQWKH(QHUJ\(IILFLHQF\'HVLJQ,QGH[((',IRUWKHJOREDOIUHLJKWWUDIILF7KLVUHJXODWLRQVWLSXODWHVWKDW
QHZVKLSVKDYHWREHPRUHHIILFLHQWE\7KHDLPLVDUHGXFWLRQRI&2HPLVVLRQVRIXSWRPLOOLRQWRQV
7KH ,QWHUQDWLRQDO &RXQFLO RQ &OHDQ 7UDQVSRUWDWLRQ  /LJKWZHLJKW FRQVWUXFWLRQ LV DOVR RI KLJK LQWHUHVW IRU
\DFKWVDQGPLOLWDU\VKLSVWRORZHUWKHFHQWHURIJUDYLW\RIWKHVKLSDQGWKXVVWDELOL]HLWHQDEOLQJDQLQFUHDVHRIVSHHG
6FKLIIEDXWHFKQLVFKH*HVHOOVFKDIW7KXVWKH\DFKWGHVLJQHPSOR\VVKLSKXOORIVWHHODQGGHFNFRQVWUXFWLRQV
RI DOXPLQXP DOOR\V 7R MRLQ ERWK SDUWV DQ H[SORVLYH ZHOGLQJ DGDSWHU LV DSSOLHG EXW WKH PDQXIDFWXULQJ RI WKLV
DGDSWHU LV FRPSOH[ WLPHFRQVXPLQJ DQG FRVWO\ 7KHVH DGDSWHUV KDYH D RYHUVL]HG WKLFNQHVV GHSHQGLQJ RQ WKH
PDWHULDO WKLFNQHVV RI WKH VWHHO DQG DOXPLQXP DOOR\V LQ RUGHU WR PHHW WKH UHTXLUHG VWUHQJWK )LJ LOOXVWUDWHV DQ
H[SORVLYHZHOGHG DGDSWHU OHIW %XLMV  DQG DQ H[DPSOH RI D VWHHODOXPLQXP DSSOLFDWLRQ LQ WKH VKLS VHFWRU
ULJKW)6:6KLSSURMHFW


)LJ([SORVLYHZHOGHGDGDSWHUOHIW%XLMVDQGDW\SLFDODSSOLFDWLRQRIVWHHODOXPLQXPFRPSRQHQWVLQWKHVKLSVHFWRUULJKW
)6:6KLSSURMHFW
7KH DLP RI WKH SUHVHQWHG LQYHVWLJDWLRQ LV WR GHYHORS D ODVHUZHOGLQJ SURFHVV LQ NH\KROHPRGXV IRU MRLQLQJ VWHHO
6W PPWRDOXPLQXP(1$:W PPSODWHVDQGWRFKDUDFWHUL]HWKHZHOGVHDP
6WDWHRIWKHDUW
2.1. Mechanical und chemical properties of formed intermetallic compounds  
7KHUPDOMRLQLQJRIVWHHODQGDOXPLQXPLVDVVRFLDWHGZLWKKLJKFKDOOHQJHVUHJDUGLQJPDWHULDODQGSURFHVVGXHWR
WKH GLIIHUHQW SK\VLFDO SURSHUWLHV RI LURQ DQG DOXPLQXP .ORFN HW DO  (VSHFLDOO\ WKH GLIIHUHQW PHOWLQJ
WHPSHUDWXUHVWKHUPDOFRQGXFWLYLW\DQGWKHUPDOH[SDQVLRQOHDGWRLQGXFHGWHQVLRQDQGGLVWRUWLRQRIWKHFRPSRQHQWV
$OXPLQXP DQG LURQ DUH DOPRVW XQVROXEOH UHJDUGLQJ HDFK RWKHU LQ WKH VROLG VWDWH 'XH WR WKLV ORZ VROXELOLW\ WKH
IRUPDWLRQRI LQWHUPHWDOOLFFRPSRXQGVRFFXUVZKLFKDUHFKDUDFWHUL]HGE\KDUGDQGEULWWOHSKDVHV$VD UHVXOW WKH
VWUHQJWK DQG WKH IDWLJXHEHKDYLRU RI WKHZHOG VHDPV LV GHJUDGHG DQGSUHPDWXUH IDLOXUH RI WKHZHOG VHDPVRFFXU
6WHLQHUV6WDXEDFK5DGVFKHLW'HSHQGLQJRQ WKHDOXPLQXPFRQWHQW LQ WKHZHOGSRROYDULRXV
)H[$O\VWUXFWXUHV IRUH[DPSOH)H$O$ODW)H$O$ODW)H$O$ODWDQG)H$O $O
DWDUHIRUPHG6LQFHWKHDOXPLQXPULFKLQWHUPHWDOOLFSKDVHVKDYHDFRPSDUDWLYHO\KLJKKDUGQHVVRI
DERXW+9WKH\DOVRKDYHDORZIRUPLQJFDSDFLW\DQGKLJKVXVFHSWLELOLW\WRFUDFNLQJ5DGVFKHLW
2.2. Steel-aluminum dissimilar joints 
0HFKDQLFDO DQG WKHUPDO MRLQLQJ WHFKQRORJLHV DUH XVHG WR MRLQ VWHHO WR DOXPLQXP &OLQFKLQJ DQG ULYHWLQJ
%UGJDP HW DO  6LPRQ  DV PHFKDQLFDO MRLQLQJ WHFKQRORJLHV DUH RIWHQ FRPELQHG ZLWK DGKHVLYH
PHWKRGV)ULHGULFK&OLQFKLQJRUULYHWLQJDUHXVHGIRUIL[LQJWKHSDUWVGXULQJWKHKDUGHQLQJRIDQDGKHVLYH
EDVHGRQHSR[\7KHEUD]LQJSURFHVVHVIRUH[DPSOHDUFEUD]LQJ7URPPHULQGXFWLYHEUD]LQJ5RXOLQHWDO
 DQG ODVHU EUD]LQJ 1RWKGXUIW HO DO  EHORQJ WR WKH WKHUPDO MRLQLQJ WHFKQRORJLHV7R UHDOL]H D EUD]LQJ
SURFHVVIRUVWHHODQGDOXPLQXPWKHVWHHOKDV WREHFRDWHGZLWK]LQFDQGWKHR[LGHOD\HURQWKHDOXPLQXPVXUIDFH
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QHHGV WR EH UHPRYHG E\ XVLQJ D IOX[ 6RPHWLPHV D FRPELQDWLRQ RI EUD]LQJ DQG ZHOGLQJ LV XVHG ZKHUHE\ WKH
DOXPLQXP LV PROWHQ DQG WKH VWHHO UHPDLQV LQ VROLG VWDWH $LFKHOH  7KHVH MRLQLQJ WHFKQRORJLHV DUH
FRQYHQWLRQDOO\XVHGWRMRLQGLVVLPLODUPDWDULDOVZLWKDWKLFNQHVVXSWRPP)RUVKLSEXLOGLQJDSSOLFDWLRQVWKLFNHU
VKHHWVXSWRPPDUHUHTXLUHG)6:6KLSSURMHFW'LVVLPLODUMRLQWVZLWKDWKLFNQHVVRIPPFDQEHMRLQHG
LQ EXWW FRQILJXUDWLRQ IRU H[DPSOH XVLQJ ODVHU0,* K\EULG MRLQLQJ 7KRP\ HW DO  $QRWKHU NLQG RI ODVHU
ZHOGLQJEUD]LQJWHFKQLTXHLVXVHGWRMRLQDPPXSSHUVWHHOVKHHWZLWKDPPORZHUDOXPLQXPVKHHWLQDQRYHUODS
FRQILJXUDWLRQ7KHODVHUKHDWVXSWKHVWHHOVRWKDWWKHDOXPLQXPPHOWVDQGZHWVWKHVWHHOVXUIDFH,QDVKHDUWHQVLOH
WHVWWKHZHOGVHDPVDFKLHYHDPD[VKHDUIRUFHXSWRN1XVLQJDVDPSOHZLGWKRIPP0HFRHWDO
$GGLWLRQDO VWDQGDUG MRLQLQJ WHFKQRORJLHV DUH IULFWLRQ ZHOGLQJ DQG IULFWLRQ VWLU ZHOGLQJ 7KHVH SURYLGH EHQHILWV
UHJDUGLQJ WKHFUHDWLRQRIZHOGHG VHDPVZLWKDPRGHVWGHJUHHRIEULWWOHQHVVGXH WRD ORZDPRXQWRI LQWHUPHWDOOLF
SKDVHV.LPDSRQJHWDO0HUNOHLQ7KHGLVDGYDQWDJHVRI WKLVZHOGLQJSURFHGXUHDUHKLJKWRROZHDU
GXH WR WKH KLJK SURFHVV IRUFHV DQG FRPSDUHG WR RWKHU MRLQLQJ WHFKQRORJLHV D ORZ IHHG UDWH DQG ORQJ SURFHVV
GXUDWLRQ )ULFWLRQ VWLUZHOGLQJ FDQ EH XVHG WR MRLQ VWHHO WR DOXPLQXPZLWK DPD[LPXP VKHHW WKLFNQHVV RI PP
)6:6KLS SURMHFW  ([SORVLYHZHOGLQJ LV XVHG WR MRLQ GLVVLPLODUPDWHULDOV IRU DSSOLFDWLRQV LQ WKH ILHOG RI
FKHPLFDODSSDUDWXVODUJHHQJLQHVDQGVKLSEXLOGLQJ,QWKLVSURFHVVWKHGLVVLPLODUSDUWVDUHMRLQHGE\DVKRFNZDYH
UHVXOWLQJ IURP DQ H[SORVLRQ 7RVWPDQ  7KH EHQHILWV RI WKLV SURFHGXUH DUH QRQSRURXV VHDPV ZLWK D ORZ
GHJUHH RIPL[LQJ DQG D QDUURZ KHDW HIIHFWHG ]RQH %HFDXVH RI WKH VKRFNZDYH WKH WKLFNQHVVHV RI WKH FODGGLQJ
PDWHULDO LV UHGXFHG VR WKDW H[SORVLYH ZHOGHG VHDPV KDYH WR EH GHVLJQHG ZLWK D KLJKHU WKLFNQHVV +HXEQHU HW
DO7KHPDLQGLVDGYDQWDJHOLHVLQWKHKLJKFRVWVRIWKLVVSHFLDOSURFHGXUH
)RUMRLQLQJVWHHODQGDOXPLQXPODVHUZHOGLQJLVWKHIRFXVRIPDQ\UHVHDUFKLQYHVWLJDWLRQVLQSDUWLFXODUIRUWKH
DXWRPRWLYHVHFWRUVKHHWWKLFNQHVVRIDERXWPPGXHWRLWVSURSHUWLHVZLWKUHVSHFWWRORFDOKHDWLQSXW)RUWKLVD
ODS MRLQW FRQILJXUDWLRQ ZLWK VWHHO RQ DOXPLQXP ZDV DSSOLHG DQG ZLWKLQ WKHVH LQYHVWLJDWLRQV WKH IRUPDWLRQ RI
LQWHUPHWDOOLFSKDVHVLQWKHZHOGVHDPVGHSHQGLQJRQWKHPROWHQDOXPLQXPFRXOGEHUHGXFHGE\DOLPLWDWLRQRIWKH
SHQHWUDWLRQGHSWK8VLQJSURSHUZHOGLQJSDUDPHWHUV D KLJKZHOG VHDPTXDOLW\ZLWKRXWPDFURFUDFNV DQG DKLJK
VKHDUIRUFHXSWRN1FRXOGEHDFKLHYHG.DLHUOHHWDO.DOODJH6LHUUDHWDO
([SHULPHQWDOVHWXSDQGPDWHULDOVXVHG
7KHZHOGLQJSURFHVVZDV FDUULHGRXWXVLQJ D VROLGVWDWH ODVHU7UXPSI7UX'LVNZLWK DPD[LPXP ODVHU
SRZHURIN:DQGKLJKODVHUEHDPTXDOLW\8VLQJDIRFDOOHQJWKRIPPDQGDOLQHRIFROOLPDWLRQZLWKDOHQJWK
RIPPDVSRWGLDPHWHURIPPUHVXOWHG7KHRQHVLGHGZHOGLQJSURFHVVZDVGHYHORSHGIRUDQRYHUODSMRLQW
ZLWKVWHHODVWKHXSSHUVKHHWDQGDOXPLQXPDVWKHORZHUVKHHW)RUWKHZHOGLQJLQYHVWLJDWLRQVDVDPSOHVL]HRI[
PPRYHUODSPPZDVXVHG7KHPDWHULDOVIRUWKHGLVVLPLODUMRLQWVZHUHVWHHOZLWKJUDGHRI6W PP
DQG DQ DOXPLQXPDOOR\(1$: W PP ,Q WDEOH  WKHPHFKDQLFDO SURSHUWLHV RI WKHPDWHULDOV XVHG DUH
OLVWHG
7DEOH0HFKDQLFDOSURSHUWLHVRIWKHPDWHULDOVXVHG
0DWHULDO <LHOGVWUHQJWK>03D@ 8OWLPDWHWHQVLOHVWUHQJWK>03D@
6W PP  
(1$:W PP  
(YDOXDWLRQSURFHGXUH
)RUWKHGHYHORSPHQWRIWKHZHOGLQJSURFHVVDGHIRFXVHGODVHUEHDPZDVXVHGLQRUGHUWRUHDOL]HGLIIHUHQWVSRW
GLDPHWHUVIURPXSWRPP7DEOHVKRZVWKHFDOFXODWHGLQWHQVLW\DQGWKHPLQLPDOHQHUJ\SHUXQLWOHQJWK
QHHGHGWRZHOGWKURXJKWKHXSSHUVWHHOVKHHWXVLQJDFRQVWDQWODVHUSRZHURIN:GHSHQGLQJRQWKHVSRWGLDPHWHU
7RGHWHUPLQH WKH LQIOXHQFHRI WKHHQHUJ\SHUXQLW OHQJWKRQ WKHSURSHUWLHVRI WKHZHOGVHDP WKHZHOGVSHHGZDV
YDULHG

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7DEOH6SRWGLDPHWHUFDOFXODWHGLQWHQVLW\DQGPLQLPDOHQHUJ\SHUXQLWOHQJWKGHSHQGLQJRQFRD[LDOIRFXVSRVLWLRQ
FRD[LDOIRFXVSRVLWLRQ>PP@ VSRWGLDPHWHU>PP@ FDOFXODWHGLQWHQVLW\>:FPð@ HQHUJ\SHUXQLWOHQJWK>N-P@
  ā 
  ā 
  ā 
  ā 
  ā 

7KH TXDOLW\ RI WKH ZHOG VHDPV UHJDUGLQJ VXUIDFH LPSHUIHFWLRQV ZDV GHWHUPLQHG XVLQJ YLVXDO LQVSHFWLRQ )RU
FKDUDFWHUL]DWLRQRI WKHZHOG VHDPJHRPHWU\PHDQLQJZLGWK DQGSHQHWUDWLRQGHSWK DVZHOO DV FUDFN OHQJWK LQ WKH
ZHOGLQDUHDDQGPHWDOOXUJ\FURVVVHFWLRQVZHUH WDNHQ%\XVLQJQLWDOZLWKDQLWULFDFLGFRQFHQWUDWLRQRI WKH
PLFURVWUXFWXUHRIWKHZHOGPHWDOWKHKHDWDIIHFWHG]RQHWKHEDVHPDWHULDODQGLQWHUPHWDOOLFFRPSRXQGVFDQEHPDGH
YLVLEOH)LJLOOXVWUDWHVVFKHPDWLFDOO\WKHGHWHUPLQDWLRQRIWKHJHRPHWULFYDULDEOHVUHVSHFWLYHO\WKHFODVVLILFDWLRQRI
WKHGLIIHUHQWPHDVXUHPHQWOLQHVRIWKHZHOGVHDP
7KHVKHDUWHQVLOHWHVWVZHUHFDUULHGRXWZLWKDWHVWLQJVSHHGRIPPPLQXVLQJVDPSOHVVL]HZLWKDZLGWKRI
PPDOHQJWKRIPPDQGDQRYHUODSRIPP%HVLGHWKHPD[LPDOVKHDUIRUFHWKHW\SHDQGWKHSRVLWLRQRI
WKHIUDFWXUHLVGRFXPHQWHG
7KHKDUGQHVVWHVWPHWKRGEDVHGRQ9LFNHUVZDVGRQHDFFRUGLQJWR',1(1,627KHKDUGQHVVSURILOHV
XVLQJDWHVWORDGRI1+9DFURVVWKHEDVHPDWHULDOKHDWDIIHFWHG]RQHZHOGPHWDODQGLQWHUPHWDOOLFSKDVHV
ZHUHWDNHQDWGLIIHUHQWGLVWDQFHVIURPWKHWRSVHHOLQH,PPOLQH,,PPOLQH,,,PPOLQH,9PP
DQGOLQH9IURPWRSWRERWWRPLQ)LJ
,Q RUGHU WR HVWDEOLVK D FRUUHODWLRQ EHWZHHQ KDUGQHVV DQG FKHPLFDO FRPSRVLWLRQ DW GLIIHUHQW PHDVXULQJ ]RQHV
(';OLQHVFDQVZHUHSHUIRUPHGXVLQJDVFDQQLQJHOHFWURQPLFURVFRSH6(0

)LJ'HWHUPLQDWLRQRIJHRPHWULFYDULDEOHVDQGPHDVXUPHQWOLQHV
5HVXOWVDQGGLVFXVVLRQ
5.1. Metallographic investigations 
:LWKLQ WKH FRQWH[W RI WKLV LQYHVWLJDWLRQ WKH LQIOXHQFHRI HQHUJ\SHUXQLW OHQJWKRQ WKHPLFURVWUXFWXUH DQG WKH
GLVWULEXWLRQ RI DOXPLQXP ZLWKLQ WKH ZHOG VHDP ZDV GHWHUPLQHG LQ GHSHQGHQF\ RI WKH XVHG VSRW GLDPHWHUV RI
PPDQGPP6HYHUDOFURVVVHFWLRQVDUHVKRZQLQ)LJ

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
)LJ,QIOXHQFHRIYDULRXVHQHUJ\SHUXQLWOHQJWKRIN-PDN-PEXQGN-PFXVLQJDVSRWGLDPHWHURIPPDQGHQHUJ\SHU
XQLWOHQJWKRIN-PGN-PHDQGN-PIXVLQJDVSRWGLDPHWHURIPPRQPLFURVWUXFWXUHDQGGLVWULEXWLRQRIDOXPLQXP
ZLWKLQWKHZHOGVHDP
7KHLQIOXHQFHRIWKHHQHUJ\SHUXQLWOHQJWKRQWKHPLFURVWUXFWXUHDQGWKHGLVWULEXWLRQRIDOXPLQXPIRUWKHORZHU
VSRWGLDPHWHURIPPFDQEHREVHUYHGEDVHGRQ WKHFURVVVHFWLRQV D F7KHDOXPLQXPFRQWHQWZLWKLQ WKH
ZHOGVHDPLQFUHDVHVZLWKKLJKHUHQHUJ\SHUXQLWOHQJWKGXHWRKLJKHUSHQHWUDWLRQGHSWKVDQGZHOGZLGWKVGHSHQGLQJ
RQPHOWIORZ7KHDOXPLQXPLVFRQFHQWUDWHGWRIRUPWKHSKDVHV)H$O$ODW)H$O$ODWDQGLURQ
VROLG VROXWLRQ XS WR$O DW DW WKH WRS DQGRQ WKH VLGHRI WKHZHOG VHDP7KH DOXPLQXPFRQWHQW DW WKH WRS
GHFUHDVHVZLWKKLJKHUHQHUJ\SHUXQLWOHQJWK8VLQJHQHUJ\SHUXQLWOHQJWKRIN-PEQRDOXPLQXPLVGHWHFWHG
DWWKHWRSRIWKHZHOGVHDP7KHDOXPLQXPFRQWHQWDFFXPXODWHVLQWKHZHOGLQDUHDWRWKHPLGGOHRIWKHZHOGVHDP
$FFXPXODWLRQGHFUHDVHVZKHQXVLQJKLJKHUHQHUJ\SHUXQLWOHQJWK%\XVLQJDORZHQHUJ\SHUXQLWOHQJWKRIN-P
DWKHPROWHQDOXPLQXPPRVWO\UHPDLQVLQWKHZHOGLQDUHDDQGRQWKHVLGHRIWKHZHOGVHDP%XWIRUDOOFURVV
VHFWLRQV D SDUW RI WKHZHOG LV FKDUDFWHUL]HG E\ EDLQLWLF DQGPDUWHQVLWLF VWUXFWXUHV ,Q WKHVH DUHDV WKH DOXPLQXP
FRQWHQWLVQRWKLJKHQRXJKWRWUDQVIRUPWKHPLFURVWUXFWXUHWRDQLURQVROLGVROXWLRQ7KHDPRXQWRIWKHEDLQLWLFDQG
PDUWHQVLWLFVWUXFWXUHVLQFUHDVHVIRUDGHFUHDVLQJHQHUJ\SHUXQLWOHQJWK
:LWK UHVSHFW WR D VSRW GLDPHWHU RI PP DOVR GLIIHUHQWPLFURVWUXFWXUHV GHSHQGLQJ RQ WKH HQHUJ\ SHU XQLW
OHQJWKFDQEHREVHUYHG$QLQFUHDVLQJHQHUJ\SHUXQLWOHQJWKOHDGVWRDKLJKHUDOXPLQXPFRQWHQWLQWKHZHOGVHDP
DQG WKH PLFURVWUXFWXUH GRHV QRW LQFOXGH EDLQLWLF DQG PDUWHQVLWLF VWUXFWXUHV $W WKH WRS RI WKH ZHOG VHDP DQ
DOXPLQXPFRQWHQWRIDWXVLQJDQHQHUJ\SHUXQLWOHQJWKRIN-PGRIDWXVLQJDQHQHUJ\SHUXQLW
OHQJWKRIN-PHDQGRIDWXVLQJDQHQHUJ\SHUXQLWOHQJWKRIN-PIFDQEHGHWHFWHG'HSHQGLQJ
RQWKHDOXPLQXPFRQWHQWDQLURQVROLGVROXWLRQDQG)H$OSKDVHVDUHIRUPHG)XUWKHUPRUHWKHDOXPLQXPFRQWHQW
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LQFUHDVHVIURPWKHWRSRIWKHZHOGVHDP$ODWHWRWKHZHOGLQDUHD$ODWHXVLQJDQHQHUJ\SHU
XQLW OHQJWKRIN-P7KHDOXPLQXPULFK LQWHUPHWDOOLFSKDVHV OLNH)H$ORU)H$O FDQEHSULPDU\GHWHFWHG LQ
ZHOGLQ DUHD0RUHRYHU D ODUJHU KHDW DIIHFWHG ]RQH SHQHWUDWLRQ GHSWK DQG ZHOG ZLGWK LQGHSHQGHQW RI WKH VSRW
GLDPHWHUFDQEHREVHUYHG7KHVHFURVVVHFWLRQVRIWKHODVHUZHOGVHDPVH[KLELWFUDFNVZLWKLQWKHZHOGFHQWHUDQGLQ
SDUWLFXODU LQ WKH WUDQVLWLRQ ]RQH IURP WKHPROWHQSRRO WR WKH DOXPLQXPDOOR\$GHWDLOHG GHWHUPLQDWLRQRI FUDFNV
UHJDUGLQJFUDFNOHQJWKZLWKLQWKHZHOGLQDUHDFDQEHIRXQGLQWKHQH[WFKDSWHU
5.2. Detection of cracks dependent on penetration depth and weld width 
&URVVVHFWLRQVZHUH WDNHQ WRTXDOLI\ WKHZHOG VHDP UHJDUGLQJ FUDFNV LQ WKHZHOGLQ DUHD DQG WRGHWHUPLQH WKH
ZHOGJHRPHWU\)LJVKRZVWKHUHVXOWVFRQFHUQLQJWKHSHQHWUDWLRQGHSWKZHOGZLGWKDQGFUDFNOHQJWKGHSHQGLQJ
RQWKHHQHUJ\SHUXQLWOHQJWKDQGVSRWGLDPHWHURIPPDPPEPPFDQGPPG)RUDOO
ZHOGVHDPVLQFUHDVHGSHQHWUDWLRQGHSWKVDQGZHOGZLGWKVDUHUHODWHGWRLQFUHDVLQJHQHUJ\SHUXQLWOHQJWKEXWERWK
YDULHG VWURQJO\ RYHU WKH ZHOG VHDP OHQJWK 0RUHRYHU WKH FUDFN OHQJWK DOVR WHQGHQWLDOO\ LQFUHDVHV ZLWK KLJKHU
SHQHWUDWLRQGHSWKVDQGZHOGZLGWKVGXH WR LQFUHDVHGHQHUJ\SHUXQLW OHQJWK'HSHQGLQJRQ WKHVSRWGLDPHWHUDQG
HQHUJ\SHUXQLWOHQJWKXVHGDUHODWLYHO\ORZFUDFNOHQJWKRIPVSRWGLDPHWHURIPPDQGHQHUJ\SHUXQLW
OHQJWKRIN-PDPVSRWGLDPHWHURIPPDQGHQHUJ\SHUXQLW OHQJWKRIN-PEP
VSRWGLDPHWHURIPPDQGHQHUJ\SHUXQLWOHQJWKRIN-PFDQGPVSRWGLDPHWHURIPPDQG
HQHUJ\SHUXQLWOHQJWKRIN-PGDUHGHWHFWHG7KHGLDJUDPVVKRZWKDWWKHSHQHWUDWLRQGHSWKLQFUHDVHVPRUH
DVFRPSDUHGWRWKHZHOGZLGWK


)LJ3HQHWUDWLRQGHSWKZHOGZLGWKDQGSHUFHQWDJHRIFUDFNVGHSHQGLQJRQWKHVSRWGLDPHWHURIPPDPPEPPFDQG
PPG
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5.3. Shear tensile test  
:LWKLQWKHFRQWH[WRIWKHVHLQYHVWLJDWLRQVWKHUHVXOWVRIVKHDUWHQVLOHWHVWVDUHVKRZQLQ)LJGHSHQGLQJRQWKH
HQHUJ\SHUXQLWOHQJWKDQGVSRWGLDPHWHURIPPDDQGPPE)XUWKHUPRUHWKHPD[LPXPVKHDUIRUFHV
DUHGHWHUPLQHGFRQFLGHULQJVSRWGLDPHWHUDQGDSSURSULDWHHQHUJ\SHUXQLWOHQJWKVHHDLQ)LJ7KHLQIOXHQFHRI
LQFUHDVHGZHOGZLGWKDWDFRQVWDQWSHQHWUDWLRQGHSWKRQWKHVKHDUIRUFHGHSHQGLQJRQWKHHQHUJ\SHUXQLWOHQJWKLV
SUHVHQWHGLQ)LJE


)LJ0D[LPXPVKHDUIRUFHGHSHQGLQJRQWKHHQHUJ\SHUXQLWOHQJWKDQGVSRWGLDPHWHURIPPDDQGPPE
7KH FXUYH FKDUDFWHULVWLFV RI WKH VKHDU WHQVLOH IRUFH LV DSSUR[LPDWHO\ VLPLODU IRU DOO WHVW VHULHV )LUVW WKH IRUFH
LQFUHDVHVIRUKLJKHUHQHUJ\SHUXQLWOHQJWKWRDPD[LPXPIRUFHDQGDIWHUZDUGVWKHIRUFHGHFUHDVHVVHH)LJD
DQGE,WLVSRVVLEOHWRDFKLHYHDPD[LPXPVKHDUIRUFHRIN1WKLVYDOXHFRUUHVSRQGVWRRI\LHOGVWUHQJWK
RI(1$:DQGRI\LHOGVWUHQJWKRI(1$:XVLQJDQHQHUJ\SHUXQLWOHQJWKRIN-PDQGVSRW
GLDPHWHURIPP


)LJ0D[LPXPVKHDUIRUFHGHSHQGLQJRQWKHVSRWGLDPHWHUDWDGDSWHGHQHUJ\SHUXQLWOHQJWKDDQGPD[LPXPVKHDUIRUFHGHSHQGLQJRQWKH
ZHOGZLGWKDWFRQVWDQWSHQHWUDWLRQGHSWKXQGHUFRQVLGHULQJRIDGDSWHGHQHUJ\SHUXQLWOHQJWKE
)LJ D LOOXVWUDWHV WKH PD[LPXP DFKLHYDEOH VKHDU IRUFHV GHSHQGLQJ RQ VSRW GLDPHWHU DQG FRQVLGHULQJ WKH
DGDSWHG HQHUJ\SHU XQLW OHQJWK$Q LQFUHDVHG IRUFH LV DFKLHYHGZLWK DQ LQFUHDVLQJ VSRW GLDPHWHU XS WRPP
$IWHUZDUGVWKHIRUFHGHFUHDVHV8VLQJDVSRWGLDPHWHURIPPDQGPPWKHVDPSOHVIDLOLQWKHZHOGPHWDO
RI WKH VWHHO VLGH DQGE\ XVLQJ D VSRW GLDPHWHU RI PP PP DQGPP VKHDU IUDFWXUH RFFXUV RQ WKH
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VDPSOHV7KHVHUHVXOWVRIWKHVWDWLFVKHDUWHQVLOHWHVWVGRQRWUHIOHFWWKHUHVXOWVFRQFHUQLQJWKHFUDFNOHQJWKGXHWR
WKH IDFW WKDW VKHDU IRUFH LV DIIHFWHGE\ WKHZHOGJHRPHWU\ UHJDUGLQJ WKHZHOGZLGWK WRR7KLVRQO\DSSOLHV LI WKH
FUDFNVDUHRULHQWHGSDUDOOHOWRWKHZHOGZLGWK)LJEFRQILUPVWKDWWKHVKHDUIRUFHLQFUHDVHVWHQGHQWLDOO\ZLWKDQ
LQFUHDVLQJZHOGZLGWKDWFRQVWDQWSHQHWUDWLRQGHSWKDQGXQGHUFRQVLGHUDWLRQRIHQHUJ\SHUXQLWOHQJWK
5.4. Results of scanning electron microscope and hardness tests 
7RGHWHUPLQHWKHFKHPLFDOFRPSRVLWLRQ(';OLQHVFDQVVHH)LJXVLQJDVFDQQLQJHOHFWURQPLFURVFRSHDUH
FDUULHG RXW RQ WKH VDPSOHVZHOGHGZLWK D VSRW GLDPHWHU RI PP DQG DQ HQHUJ\ SHU XQLW OHQJWK RI N-P
DFKLHYDEOHKLJKHVWVKHDUIRUFHV7KHOLQHVFDQVZHUHWDNHQWUDQVYHUVHO\DQGORQJLWXGLQDOO\WRWKHFURVVVHFWLRQ


)LJ(';OLQHVFDQVOLQH,9WUDQVYHUVHDDQGORQJLWXGLQDOEWRWKHFURVVVHFWLRQZHOGHGZLWKDVSRWGLDPHWHURIPPDQGDQHQHUJ\
SHUXQLWOHQJWKRIN-P
$GGLWLRQDO 6(0 LPDJHVZHUH WDNHQ LQ SDUWLFXODU RI WKH ]RQHZKHUH WKH FUDFNV SURFHHG LQ WKHZHOGLQ DUHD
VHH)LJ


)LJ&URVVVHFWLRQRIZHOGLQDUHDDQG6(0,PDJHVZLWKFKHPLFDODQDO\VHVLQWKH]RQHVRIWKHIUDFWXUH
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%DVHG RQ WKHVH UHVXOWV LWZDV VKRZQ WKDW WKH FUDFNV SURFHHG WKURXJK GLIIHUHQWPLFURVWUXFWXUHV OLNH LURQ VROLG
VROXWLRQEDVHPDWHULDORIWKHDOXPLQXPDOOR\DQGLQWHUPHWDOOLFSKDVHVVXFKDV)H$O)H$O)H$ODQG)H$O
7RGHWHUPLQHDFRUUHODWLRQEHWZHHQ WKHFKHPLFDOFRPSRVLWLRQDQG WKHKDUGQHVVKDUGQHVVSURILOHVZHUHFDUULHG
RXWRQ WKH VHDPZHOGHGZLWKD VSRWGLDPHWHURIPPDQGHQHUJ\SHUXQLW OHQJWKRIN-P7KHVWHHOEDVH
PDWHULDOKDVDKDUGQHVVRI+9DQGWKHDOXPLQXPDOOR\(1$:RI+9'XHWRWKHKHDWWUHDWPHQW
GXULQJZHOGLQJ WKHKDUGQHVV LQ WKHKHDWDIIHFWHG]RQH LQFUHDVHV WR+9VHH OLQH, LQ)LJ%DVHGRQ WKH
UHVXOWVRIWKHORQJLWXGLQDOOLQHVFDQWKHDOXPLQXPFRQWHQWLQFUHDVHVIRUPDWWRDWDWDGHSWKRIPP,Q
WKLV PHDVXUHPHQW ]RQH D KDUGQHVV UDQJH RI  WR +9 DYHUDJH KDUGQHVV RI  +9 UHVXOWV ,Q D
PHDVXUHPHQW UDQJH IURP  PP WR  PP WKH KDUGQHVV LQFUHDVHV IURP  WR +9 ZLWK LQFUHDVLQJ
DOXPLQXPFRQWHQWXSWRDW8SWRDSHQHWUDWLRQGHSWKRIPPWKHKDUGQHVVYDULHVIURPWR+9
ZKLFKFRUUHVSRQGVWRDQDOXPLQXPFRQWHQWRIWRDW7KHVHUHVXOWVUHJDUGLQJWKHKDUGQHVVRIWKHZHOGPHWDO
UHIOHFWWKHUHVXOWVRIWKHWUDQVYHUVHKDUGQHVVSURILOHVHHOLQH,9DQG9LQ)LJ$WDSHQHWUDWLRQGHSWKRIPPOLQH
9DKDUGQHVVRIWR+9RIWKHDOXPLQXPULFKLQWHUPHWDOOLFSKDVHVFDQEHGHWHFWHG'XHWRWKHGLPHQVLRQ
RI WKH LQWHUPHWDOOLF SKDVHV WKH KDUGQHVV FDQQRW EH SUHFLVHO\ GHWHUPLQHG XVLQJ D KDUGQHVV PHWKRG DFFRUGLQJ WR
9LFNHUV


)LJ7UDQVYHUKDUGQHVVSURILOHVDWGLIIHUHQWSHQHWUDWLRQGHSWKOLQH,WR9DDQGORQJLWXGLQDOKDUGQHVVSURILOHERIWKHZHOGVHDP
&RQFOXVLRQV
,Q WKHVH LQYHVWLJDWLRQV VWHHODOXPLQXP GLVVLPLODU MRLQWV FRQVLVWLQJ RI D VWHHO SODWH 6 W    PP DQG DQ
DOXPLQXPSODWHW PPLQRYHUODSFRQILJXUDWLRQZHUHZHOGHGXVLQJDKLJKSRZHUODVHUZHOGLQJSURFHVV
7KHZHOGVHDPVZHUHLQYHVWLJDWHGXVLQJPHWDOORJUDSKLFDQDO\VLVWRGHWHUPLQHWKHZHOGJHRPHWU\WKHPLFURVWUXFWXUH
DQGWKHFUDFNOHQJWK6(0ZDVXVHGWRGHWHUPLQHWKHFKHPLFDOFRPSRVLWLRQZKLOHKDUGQHVVWHVWVDQGVKHDUWHQVLOH
WHVWVFKDUDFWHUL]HWKHPHFKDQLFDOSURSHUWLHV7KHPHWDOORJUDSKLFLQYHVWLJDWLRQVVKRZWKDWWKHSHQHWUDWLRQGHSWKDQG
ZHOG ZLGWK GHSHQGLQJ RQ WKH VSRW GLDPHWHU DQG HQHUJ\ SHU XQLW OHQJWK LQIOXHQFH WKH PLFURVWUXFWXUH DQG WKH
DSSHDUDQFHRIFUDFNV7KHSHQHWUDWLRQGHSWKZHOGZLGWKDQGWKHFUDFNOHQJWKLQFUHDVHZLWKKLJKHUHQHUJ\SHUXQLW
OHQJWK,QDVKHDUWHQVLOHWHVWWKHKLJKHVWVKHDUIRUFHRIN1ZDVDFKLHYHGXVLQJDVSRWGLDPHWHURIPPDQG
DQHQHUJ\SHUXQLW OHQJWKRIN-P7KHIDLOXUHZDVORFDWHGLQWKHZHOGPHWDORQWKHVWHHOVLGH7KHVHVDPSOHV
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